Abstract: Oxynitride photocatalysts with d 10 electronic configuration are presented as effective non-oxide catalysts for overall water splitting. Germanium nitride (β-Ge 3 N 4 ) having a band gap of 3.8-3.9 eV modified with RuO 2 nanoparticles as a cocatalyst is shown to achieve stoichiometric decomposition of H 2 O into H 2 and O 2 under UV irradiation (λ > 200 nm). A novel solid solution of GaN and ZnO, (Ga 1-x Zn x )(N 1-x O x ), with a band gap of 2.4-2.8 eV (depending on composition) achieves overall water splitting under visible light (λ > 400 nm) when loaded with an appropriate cocatalyst. The narrower band gap of the solid solution is attributed to the bonding between Zn and N atoms at the top of the valence band. The photocatalytic activity of (Ga 1-x Zn x )(N 1-x O x ) for overall water splitting is strongly dependent on both the cocatalyst and the crystallinity and composition of the material. The quantum efficiency of (Ga 1-x Zn x )(N 1-x O x ) with Rh and Cr mixed-oxide nanoparticles is 2-3 % at 420-440 nm, which is the highest reported efficiency for overall water splitting in the visible-light region.
INTRODUCTION
In recent years, photocatalytic materials that function under visible light have been studied extensively in an attempt to improve solar energy conversion and reduce the environmental impact of energy production. Research on direct water splitting with photon energy was pioneered by Honda and Fujishima, who demonstrated a photoelectrochemical (PEC) cell consisting of a Pt cathode and TiO 2 (rutile) as a photoanode [1] . Many PEC cells have since been proposed, and the efficiency of solar energy conversion achieved by such devices has improved. However, due to the lack of photoelectrode materials with suitable band gap structures and adequate stability, PEC systems have remained rather complex, requiring integration of multiple layers or tandem systems [2, 3] . Overall water splitting using particulate photocatalysts, somewhat similar to the photosynthetic reaction, have also been examined since 1980 [4] [5] [6] . Over the last two decades, a number of metal-oxide photocatalysts, including TiO 2 [4] , SrTiO 3 [5, 6] , K 4 Nb 6 O 17 [7, 8] , NaTaO 3 [9] , CaIn 2 O 4 [10] , and Zn 2 GeO 4 [11] have been demonstrated to be effective for photocatalytic overall water splitting, and some have achieved quantum efficiencies of greater than 50 % [12] . Most of the metal-oxide photocatalysts developed to date, however, only function in the UV region due to their large band gap energies (>3 eV) [13] . Although some non-oxide materials (e.g., CdS and CdSe) have been examined as visible-light-driven photocatalysts, overall water splitting using these materials has not hitherto been achieved due to the inherent instability of these materials for water oxidation via the photogeneration of holes [14, 15] . From the viewpoint of large-scale application, a simple photocatalytic overall water-splitting reaction system is considered to be advantageous [16] over more complex multilayer or tandem structure devices [2, 3] , although a method for the separation of simultaneously produced H 2 and O 2 is required. The development of an efficient photocatalyst for visible-light-driven overall water splitting therefore remains a challenge.
The two major obstacles to the development of powder photocatalysts are the discovery of new stable photocatalytic materials and the construction of a suitable visible-light-driven photocatalyst system. The application of metal oxides for photocatalysis in the visible-light region is complicated by the deep valence band positions (O2p orbitals) of these materials, resulting in a band gap that is too large to absorb visible light. Since the N2p orbital has a higher potential energy than the O2p orbital, it would be interesting to use a metal nitride or metal oxynitride as a photocatalyst. The authors recently reported oxynitrides, such as TaON [17] , Ta 3 N 5 [18] , and LaTiO 2 N [19] as potential candidates for overall water splitting under visible light. However, overall water splitting over these oxynitrides has not been hitherto achieved due at least in part to the relatively high densities of defects in the bulk and at the surfaces of these materials. These (oxy)nitrides are composed of transition-metal cations of Ti 4+ , Nb 5+ , or Ta 5+ , which have an empty d orbital. We define a photocatalyst that contains such transition-metal cations as a "d 0 electronic configuration" photocatalyst. On the other hand, from the viewpoint of electronic band structure, semiconductors that contain typical metal cations, such as Ga 3+ and Ge 4+ , with a filled d orbital (defined as "d 10 electronic configuration" photocatalysts) have an advantage as a photocatalyst, compared to materials with d 0 electronic configuration [10, 11] . The top of the valence band for transition-metal oxides with d 0 electronic configuration consists of O2p orbitals, whereas the bottom of the conduction band is composed of empty d orbitals of the transition metals. In typical metal oxides with d 10 electronic configuration, however, the bottom of the conduction band consists of hybridized s,p orbitals of the metals, although the valence band is formed essentially by O2p orbitals. The hybridized s,p orbitals possess large dispersion, increasing the mobility of photogenerated electrons in the conduction band and promoting photocatalytic activity [10, 11] . Oxynitrides with d 10 electronic configuration are, therefore, of interest as potentially efficient photocatalysts for overall water splitting. In the present paper, new oxynitride-type photocatalysts with d 10 electronic configuration are presented.
␤-Ge 3 N 4 [20]
A typical metal nitride with d 10 electronic configuration, β-Ge 3 N 4 , was synthesized from GeO 2 powder by nitridation under a flow of NH 3 at 1153 K for 10 h. Transmission electron microscopy (TEM) images and an electron diffraction pattern of the as-prepared β-Ge 3 N 4 are shown in Fig. 1 . The figure clearly reveals that the sample consisted of primary well-crystallized submicrometer-order particles with a hexagonal crystal system, as indicated by the lattice fringe and electron diffraction patterns.
The photocatalytic activity of the as-prepared β-Ge 3 N 4 for overall water splitting is negligible. However, when modified with RuO 2 nanoparticles, the material became photocatalytically active. The photocatalytic activity increased remarkably as the amount of loaded RuO 2 was increased, reaching maximum activity when loaded with 1 wt % RuO 2 . Figure 2 shows scanning electron microscopy (SEM) and TEM images of the 1 wt % RuO 2 -loaded β-Ge 3 N 4 . The images reveal that RuO 2 nanoparticles of 20-50 nm in size are distributed uniformly on the β-Ge 3 N 4 surface, and the lattice fringes in the TEM image indicate that the loaded RuO 2 nanoparticles are crystalline. The RuO 2 nanoparticles dispersed on the β-Ge 3 N 4 surface work as a water reduction promoter, as discussed in previous work [11] . The photocatalytic performance of the RuO 2 -loaded β-Ge 3 N 4 was found to be strongly dependent on the pH of the reactant solution. The activity increased with decreasing pH from 7 to a maximum at pH 0. N 2 evolution, indicative of the partial decomposition of the nitride photocatalyst, was observed in the initial stage of reaction at pH 7, but was almost entirely suppressed at pH 0. This characteristic pH dependence of the RuO 2 -loaded β-Ge 3 N 4 photocatalyst deviates significantly from the general character of photocatalysts based on transition-metal oxides [9] , and is thus of particular interest. A typical time course of overall water splitting using the 1 wt % RuO 2 -loaded β-Ge 3 N 4 catalyst at pH 0 is presented in Fig. 3 . Both H 2 and O 2 evolved stoichiometrically from the beginning of the reaction. The total amount of H 2 and O 2 evolved over 5 h was 6.7 mmol, substantially greater than the amount of catalyst (0.5 g; 1.8 mmol of β-Ge 3 N 4 ). No noticeable change in the X-ray diffraction (XRD) patterns was observed as a result of the reaction. These results clearly demonstrate that RuO 2 -loaded β-Ge 3 N 4 is a suitable photocatalyst for overall water splitting. The quantum efficiency of water splitting on RuO 2 -loaded β-Ge 3 N 4 is roughly estimated to be ca. 9 % at an excitation wavelength of 300 nm.
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Water splitting using (oxy)nitride photocatalysts 2269 Figure 4 shows the UV-vis diffuse reflectance spectrum for β-Ge 3 N 4 . Two absorption bands are apparent in the spectrum; a strong absorption in the UV region shorter than 340 nm, and a broad absorption extending into the visible region. The band gap of β-Ge 3 N 4 is estimated to be 3.8-3.9 eV based on the onset of the diffuse reflectance spectrum. The absorption at longer wavelengths of up to 700-800 nm is considered to be due to impurities and defect sites. Such impurities or defects are attributed to reduced Ge species (Ge 0 , Ge 2+ ) produced by H 2 derived from the disassociation of NH 3 at high temperature. No appreciable evolution of H 2 or O 2 was observed under irradiation at longer wavelengths. The electronic structure of β-Ge 3 N 4 was investigated through plane-wave density functional theory (DFT) calculations. Figure 5 shows the energy band dispersion and density of states (DOS) for this composition. Density contour maps for the top of the valence band (highest occupied molecular orbital, HOMO) and the bottom of the conduction band (lowest unoccupied molecular orbital, LUMO) are also shown. The DOS indicates that the top of the valence band consists of N2p orbitals, and that the bottom of the conduction band is composed of hybridized Ge4s,4p orbitals with slight mixing of N2p orbitals. This result indicates that photoexcitation under irradiation occurs via transition from the N2p orbitals to the Ge4s,4p hybridized orbitals. Water oxidation to produce O 2 over conventional metal-oxide photocatalysts takes place as a result of contributions from photogenerated holes in the valence band consisting of O2p orbitals. It is noteworthy that the N2p orbitals in the valence band are also able to photogenerate holes and thereby contribute to photocatalytic water oxidation.
Water splitting using (oxy)nitride photocatalysts 2271 Both GaN and ZnO are important III-V and II-VI semiconductors, and have been studied extensively for application in light-functional materials such as light-emitting diodes and laser diodes [26] [27] [28] . The (Ga 1-x Zn x )(N 1-x O x ) solid solution possesses a wurtzite crystal structure similar to GaN and ZnO, and is typically synthesized by nitriding a mixture of Ga 2 O 3 and ZnO. Elemental analyses by inductive coupled plasma optical emission spectroscopy (ICP-OES) has revealed that the ratios of Ga to N (Ga/N) and Zn to O (Zn/O) in the (Ga 1-x Zn x )(N 1-x O x ) are close to unity and that the N and O concentrations increase with the Ga and Zn concentrations. Figure 6 shows the XRD patterns of samples with different compositions. All examples exhibit single-phase diffraction patterns indicative of the wurtzite structure similar to GaN and ZnO. The position of the d(100) diffraction peak was successively shifted to lower angles (2θ) with increasing Zn and O concentrations, indicating that the obtained samples were not physical mixtures of GaN and ZnO phases, but solid solutions of GaN and ZnO. This peak shift is reasonable, as the ionic radius of Zn 2+ (0.74 Å) is larger than that of Ga 3+ (0.61 Å) [29] . The same tendency was confirmed by Rietveld analysis. Furthermore, neutron diffraction analysis revealed that O substitutes for N in the crystal structure of (Ga 1-x Zn x )(N 1-x O x ). The as-prepared (Ga 1-x Zn x )(N 1-x O x ) exhibits little photocatalytic activity for water decomposition even under UV irradiation. However, modification with RuO 2 nanoparticles results in clearly observable H 2 and O 2 evolution. This modification involves deposition of RuO 2 nanoparticles on the surface of the (Ga 1-x Zn x )(N 1-x O x ) as H 2 evolution sites. The photocatalytic activity increased remarkably with increasing RuO 2 content to a maximum at 5 wt % RuO 2 , with the activity dropping gradually at higher RuO 2 concentrations. It was elucidated by SEM, X-ray photoelectron spectroscopy, and X-ray absorption spectroscopy that the enhancement of photocatalytic activity by RuO 2 loading is driven by the formation of crystalline RuO 2 nanoparticles, with the optimal particle size and coverage yielding the peak activity. The photocatalytic performance of the RuO 2 -loaded (Ga 1-x Zn x )(N 1-x O x ) was also found to be strongly dependent on both the pH of the aqueous solution and the crystallinity and composition of (Ga 1-x Zn x )(N 1-x O x ). The activity increased with decreasing pH from pH 7, reaching maximum activity at pH 3. This tendency is similar to that observed above for RuO 2 -loaded β-Ge 3 N 4 . The occurrence of peak activity in an acidic medium is consistent with the general characteristics of oxynitride materials, which are inherently unstable in basic media but stable in acidic media. Below pH 3, at which the activity began to decrease, the surface of the catalyst is no longer completely stable due to the corrosion of surface Zn species. It is known that O 2 evolution occurs over ZnO when employed as a photoanode for water oxidation in a PEC, accompanied by degradation of the ZnO [31] . It was confirmed by 18 O-isotopic H 2 O cleavage that the O 2 evolution over the present catalyst is due to water oxidation, and the XRD patterns of the samples remained unchanged after the reaction. These results indicate that (Ga 1-x Zn x )(N 1-x O x ) functions as a stable visible-light-driven photocatalyst for overall water splitting.
The photocatalytic activity of (Ga 1-x Zn x )(N 1-x O x ) for overall water splitting was found to be dependent on the cocatalyst employed, as shown in Fig. 9 . A mixed-oxide of Rh and Cr was the most effective for promoting overall water splitting. Interestingly, modification with either Rh or Cr oxide alone did not provide an appreciable increase in photocatalytic activity. Figure 10 shows the time course of overall water splitting using (Ga 1-x Zn x )(N 1-x O x ) modified with Rh and Cr mixed-oxide nanoparticles under visible-light irradiation (λ > 400 nm). Data for RuO 2 -loaded (Ga 1-x Zn x )(N 1-x O x ) are provided for comparison. Although both catalysts evolved H 2 and O 2 steadily and stoichiometrically upon irradiation with visible light, the activity of (Ga 1-x Zn x )(N 1-x O x ) modified with Rh and Cr mixed-oxide was substantially higher than that of the RuO 2 -loaded sample. Modification of (Ga 1-x Zn x )(N 1-x O x ) with Rh and Cr mixed-oxide nanoparticles increased the quantum efficiency for overall water splitting to 2-3 % at 420-440 nm, which is approximately 10 times greater than that achieved using the RuO 2 -loaded catalyst. When the reaction is carried out in the presence of silver nitrate as a sacrificial electron acceptor, the quantum efficiency for water oxidation rises to 51 % at 420-440 nm. This indicates that more than 50 % of the photogenerated electrons and holes in the (Ga 1-x Zn x )(N 1-x O x ) bulk are available for the surface chemical reaction. It also appears possible to extend the absorption edge by changing the composition of the material. The performance of this catalyst can therefore be expected to improve through refinement of the preparation method and development of new effective modification methods. Although the quantum efficiency of the material is as yet too low for practical application, this is the first example of overall water splitting using a particulate photocatalyst with a band gap in the visible-light region. All of the successful photocatalysts developed for overall water splitting over the past 30 years have been comprised solely of metal oxides. The discovery of a non-oxide photocatalyst achieving the same function as the metal oxide is expected to stimulate research on non-oxide photocatalysts for solar energy conversion.
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